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Influence of heterogeneities and upscaling on CO2 storage 
prediction at large scale in deep saline aquifer 
Sarah Bouqueta*
Spatial variability is often generated by geostatistical methods on thousands to millions grid cells 
models. Since geological characteristics are often poorly known for saline aquifers, hundreds of 
equiprobable realizations can be generated for risk assessment and capacity evaluation. However, flow 
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Abstract 
What are the effects of spatial variability of permeability on CO2 migration and pressure response to CO2 injection in 
saline aquifer at industrial scale? Since the extension and intensity of perturbations will be constrained by the 
geological characteristics of the aquifer, spatial variability will be a key parameter for injectivity and capacity of 
storage projects. Predictions at regional or basin scale implies the study of geological model of millions grid cells. 
But for efficient simulations of multiphase flow, the number of grid cells need to be reduced. The purpose of this 
work is also to evaluate homogenization or simplification methods of permeability field that could be sufficiently 
accurate for CO2 storage predictions. 
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Introduction 
CO2 injection of millions tonnes in deep saline aquifer by year will induce perturbations of the natural 
groundwater system with modifications at large extension of pressure and velocity gradients. These 
modifications of pressure will constrain the injectivity and capacity of the storage projects at basin-scale. 
Many studies demonstrated that heterogeneities will play an important role on CO2 migration and 
consequently on CO2 dissolution. But, influence of spatial variability of permeability on pressure 
perturbation and propagation still requires more studies at large scale.  
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simulations would hardly be achieved with hundreds realizations of millions grid cells models: 
simplifications are needed. In order to reduce the computational time of multiphase flow simulations on 
large scale problems, the process of upscaling is applied on mesh of stochastic models and therefore on 
permeability fields. Upscaling processes tend to homogenize the permeability field. Moreover, because of 
scarcity of data for deep saline aquifers, permeability field is often considered as one or few values 
although, in reality, high variation of permeability values may occur. These homogenizations may lead to 
potential errors in capacity prediction  
Different methods of permeability homogenization are evaluated first. Comparison in between CO2 
injection simulation on the original grid (fine mesh) and on irregular grids (fine around the well, 
increasing size of meshes until the limits of the model) with several upscaling methods, are achieved.   
After upscaling optimization, influence of permeability spatial variability is then studied with hundreds 
of stochastic models. Simplification methods of representations of permeability field are evaluated based 
on these equiprobable realizations. 
1. Modeling approach 
The study is based on a specific case for which few data are available: the Dogger aquifer (carbonates 
aquifer in the Paris Basin) presenting high vertical and lateral heterogeneities. Model input parameters are 
defined in the table 1. 
TOUGH2/ECO2N is used to simulate the CO2 injection at industrial scale for a short term study. 
Results are presented in terms of pressure perturbation propagation from the vicinity of well to several 
dozens of kilometers from the well and in terms of CO2 migration and dissolution.  
To represent a large scale system and a vertical section of a horizontal well, we use 2D models with an 
extension of 140 km (70km each side of the well). Because of the 2D geometry, only a short term 
injection period is studied (one year). Assuming a well length of several kilometers, the total injection 
rate would be equivalent to several millions of tonnes of CO2 by year. 
1.1. Generation of spatial variability of permeability 
Random simulations of spatial variability of permeability are achieved using the moving average 
method. This geostatistical method generates equiprobable realizations of heterogeneities from 
independent random variables. Variables are correlated according to a circular variogram with a 
geometrical anisotropy (correlation length in X direction: 600m, in Z direction: 20m).  
The correlated variables are transformed to obtain a log-normal distribution of permeability values. 
The arithmetic mean and geometric mean (or median) are equal to 100mD and 32.4mD, respectively, and 
the standard deviation of the log-normal distribution is set to 1.5. Values of capillary pressure will be 
modified as a function of permeability values according to the J-Leverett function. 
Permeability values are generated on a fine, isotropic mesh (7m*7m). A field 140 km long , represents 
20000 gridcells in X direction and  22 gridcells in Z direction (154m), therefore a total number of cells 
equals to 440000. Different methods of upscaling are considered to reduce the size and, consequently, the 
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Table 1. Model input parameters 
Parameters Values 
Depth (top of reservoir) -1550 m 
Initial Pressure@Depth (hydrostatic) 166E+05 Pa 
Temperature (isothermal) 65°C 
Thickness 154 m 
Porosity 12 % 
Pore Compressibility 9.65E-10 Pa-1 
Permeability Cf. 1.1 
Relative permeability and capillary pressure Cf. André et al. 2007 [1] 
Salinity 20g/L 
Boundary conditions closed 
 
1.2. Upscaling methods 
Upscaling process groups in a block several cells from a fine mesh. Many methods exist to calculate 
properties from cells to blocks scale. These methods tend to minimize the bias between flow simulation 
results from initial model and upscaled models [2]. Therefore, to control the quality of upscaling methods, 
results are compared between fine, initial mesh and upscaled models on irregular meshes. Because of the 
large number of cells for the fine mesh, the problem is simplified: 
Assuming an axial symmetry at the well, only a restricted half of the domain is studied (the simulation 
software limits the mesh size for the fine model: 94600 gridcells, 22 in Z direction, 4300 in X 
direction). In a first approach, by considering only the quality of the upscaling, this assumption is not 
really restrictive since the objective is to characterize similarities or differences between models rather 
than quantify the prediction. 
Assuming that the validity of the upscaling for one realization could be applied for all others 
equiprobable realizations, only one realization of permeability field is used for the upscaling study 
 
The upscaling is applied according to the complexity of the process occurring in the reservoir. Mesh 
sizes are not determined by prior-flow calculations but are set arbitrary according to the knowledge that 
we have on processes related to CO2 injection: 
Close to the well, the system is composed of two phases (supercritical CO2 and brine) with dissolution 
and evaporation phenomena, competition between viscous and gravity forces which imply buoyancy 
effects. These flow and transport processes require a fine discretization to be correctly described, 
especially since they could be greatly affected by heterogeneities. 
Far from the well, the system is monophasic and it is only a flow problem. The flow will be parallel to 
vertical boundaries of the domain. In this case, discretization can be coarser and low permeability 
variations could be negligible [3].  
Consequently, upscaling is applied only in X-direction as a function of the distance from the well and 
correlation length of heterogeneities resulting in irregular mesh. Fine or relatively small cells are kept 
around the well. The number of grouped cells is increased with increasing distance from the well until 
reaching the maximum size limited to the correlation length in X-direction (85 cells). Seven types of 
meshes are considered and explained in figure 1. 
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Fig. 1.Geometry of different meshes models for the upscaling study. 
To calculate equivalent blocks permeability for groups of cells, heuristic methods (average 
calculations) are used. Heuristic methods may be less accurate than numerical methods (calculation based 
on flow simulations) but they are more simple and faster to implement [4] [7] [8].  Considered methods 
are the followings: 
Arithmetic mean of the group of cells Ka 
Harmonic mean of the group of cells Kh 
Geometric mean of the group of cells Kg 
Root square of the product of Wiener’s bounds Ksq=(Ka *Kh)
0.5 
Arithmetic and harmonic means represent, respectively, the higher and lower bounds of equivalent 
blocks permeability. This inequality is called “Wiener bounds” and is always valid [4]. These two values 
could also be considered as exact upscaled values for a stratified medium with either flow parallel or 
perpendicular, respectively to the strata [5]. Since upscaling is applied only in one direction, the exact 
upscaled value would be the harmonic mean if we assume the flow parallel to the X-direction. However, 
connectivities exist between the different layers and this assumption is not valid. 
According to Matheron [6], the equivalent permeability can be calculated as a function of arithmetic 
mean and harmonic mean following: 




D represents the number of Dimension; Subscripts v and w are, respectively for block and cells scales. 
For a 1D-space, we found again the harmonic mean, and for a 2D-space and for 2 cells, block 
permeability is equivalent to the geometric mean. The geometric mean would be the exact value for an 
isotropic, infinite 2D medium with a log-normal permeability distribution and for uniform flow. 
The previous upscaling methods are also compared to the calculation of a global effective 
permeability, i.e. fully homogenized models. Studied global effective permeabilities are either the mean 
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(arithmetic, Kef-A=100md) or the median (geometric mean, Kef-G =32.4mD) of the heterogeneous 
permeability field. 
An intermediate homogenization method is considered: equivalent block permeability is calculated by 
geometric mean until the limit of double cells (L2, figure 1). Beyond this limit, model is homogeneous 
upscaled permeability equals to one of the global effective permeabilities (Ksemief-A and Ksemief-G). The 
underlying assumption is problem becomes single phase flow beyond the limit L2 and heterogeneities 
could be neglected. 
At last, quality and validity of upscaling methods is controlled for different correlations lengths of 
permeability in X-direction: 300m, 600m (base case) and 1200m. These different scenarios can be used to 
check that bias from upscaling remains inferior to uncertainties due to spatial variability of geological 
properties.  
1.3. Representations of heterogeneities in permeability 
Upscaling is evaluated on one realization whereas to study the influence of heterogeneities, we used 
flow simulation results from 200 equiprobable realizations of fully heterogeneous models (described in 
1.1) on the entire domain with an extension of 140km.  
Because of uncertainties on spatial variability of permeability, heterogeneities are not always described 
as finely as for fully heterogeneous models. Heterogeneities can be approached by models completely 
homogeneous or by “semi-homogeneous models” for which heterogeneities are represented only in a 
limited area close to the well (see paragraph above). 
Therefore, stochastic dispersion in results from 200 fully heterogeneous models is compared to results 
from 200 “semi-homogeneous models” (Ksemief-A and Ksemief-G) and to results from 2 homogeneous models 
(Kef-A and Kef-G cf. 1.2). 
2. Results from different upscaling methods 
2.1. Permeability field from upscaling methods 
The distribution of permeability values related to the different size of meshes and upscaling method is 
conform to classical results [4], [9]. To compare distributions, values of permeabilities from coarser 
meshes were projected on the initial, fine mesh. 
The increase in blocks sizes tends to centre permeability values with decreasing in high values and 
increasing in low values (figures 2.a and 3.a). 
For each mesh, methods by arithmetic mean and harmonic mean give the upper and lower bound as 
described by the Wiener bounds (cf. 1.2). Arithmetic mean (Ka) gives the closest distribution to initial 
distribution for the maximum values and inversely for the harmonic mean (Kh) (figures 2.b and 3.b). 
Methods by geometric mean (Kg) and by root square of Wiener bounds (Ksq) give similar results (in 
case of 2 grouped cells, block permeabilities are identical).  These methods are also bounded by 
arithmetic and harmonic means. Consequently, Kg and Ksq keep relatively close values from initial 
maximum and maximum values.  
Except for mesh 6 (2948 blocks), distributions of different models are still close to the initial one 
(close to the straight line of slope 1 in figures 3), only the smallest and highest values are affected by 
upscaling but that could be critical for flow simulation 
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Fig. 2. Distributions of permeabilities calculated as a function of (a, left) size of meshes; (b, right) upscaling methods 
 
Fig. 3. Comparison of percentiles of permeabilities between upscaled models and initial model as a function of (a, left) size of 
meshes; (b, right) upscaling methods 
2.2. Upscaling results of flow simulations in term of pressure 
For homogeneous models, changes in size of meshes have a low influence on pressure results. For a 
same effective permeability, curves of the different meshes are superimposed (figure 4). Therefore, 
numerical dispersion does not affect results. 
In contrast, for heterogeneous models, using the same upscaling method, pressure perturbations results 
are deviated to the initial one with a trend to overestimate the pressure close to the well and underestimate 
propagation of the perturbation with increasing in blocks sizes (figure 5). 
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Fig. 4. Pressure perturbations results after one year of injection, homogeneous models with different size of mesh. 
 
Fig. 5. Pressure perturbations results after one year of injection, heterogeneous models (geometric mean) with different size of mesh. 
More important deviations are obtained from the different methods of upscaling than from the different 
mesh sizes. Method of calculation of equivalent permeability will play a key role on upscaling quality as 
underlined by the comparison of pressure perturbations related to different upscaling methods (figure 6). 
The most significant differences in pressure perturbations are due to the complete homogenization of the 
domain: at the well, homogeneous models have a difference superior to 1 MPa compared to 
heterogeneous ones. Kef-A overestimates the propagation of perturbations (+4.5 and +4 km for a 
perturbation of pressure equals to 0.5E+5Pa and 1E+5 Pa, respectively) and inversely for Kef-G (-3 and -
2.5km). If the loss of accuracy is important, results from heterogeneous models seems bounded by results 
from homogeneous models. However, this observation is only applicable for this particular realization.  
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Fig. 6. Pressure perturbations results after one year of injection, different methods of calculation of block permeability. 
Semi-homogeneous models give a better estimate of the behavior at the well.  At the well, results are 
close to those from heterogeneous models and differences with initial model are not significant (inferior 
to 1E+05Pa). However, errors in propagation of pressure from semi-homogeneous models would not be 
negligible. The order of magnitude of differences is in kilometer for pressure perturbations equal to 
0.5E+5 and 1E+5 Pa. These differences can be larger than those from others upscaling methods with 
coarser mesh (figures 7.b and 8).    
For a fixed mesh size, pressure results of initial model, Kg and Ksq models are bounded by results of Ka 
and Kh models as for permeability distribution (figure 6). At the well, Kh models overestimate the peak of 
pressure, inversely for Ka models.  Method by geometric mean gives the lowest error at the well for every 
mesh size (figure 7.a). Except for the mesh 6 (2948 blocks), bias for the peak of pressure remains low 
(<1E+5 Pa).  In term of pressure propagation, the methods of upscaling will influence results especially as 
block size increases. Overestimations are obtained Ka, inversely for Kh. Kg also underestimates the 
propagation but in a lesser extent than Kh (figures 7.b and 8). However, all these deviations can be one 
order of magnitude inferior to homogeneous models results. 
Results are consistent with Li et al. [8]: they obtained over-estimation of flux with Ka, under-
estimation with Kh and better results are obtained with Kg method even if bias is negative*
 
*
 The  optim al m ethod  from  Li e t a l. is  no t the  geom etric m ean but re fers  to num erical m ethods 
. For this study, 
calculation of equivalent permeability by Kg, for a fixed mesh size, does not give always the lowest error 
in propagations but gives the best estimates on the entire domain. For some observed values, better results 
can be obtained with Kg on a coarser mesh than with Ka or Kh on a finer mesh. 
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Fig. 7. Bias in pressure response from upscaled models after one year of injection (a, left) at the well; (b, right) differences of 
propagation for a pressure perturbation = 1MPa  
 
Fig. 8. Bias in pressure response from upscaled models after one year of injection (a, left) differences of propagation for a pressure 
perturbation = 1E+5Pa; (b, right) differences of propagation for a pressure perturbation = 0.5E+5Pa 
By varying the correlation length of heterogeneities, we observe (figure 9): 
Comparing results of fine mesh models, the increase in correlation length tends to decrease peak of 
pressure and increase pressure propagation and inversely for a decrease in correlation length. These 
variations are much larger than deviations by Kg for meshes with a number of blocks superior to 
10000. As for [10], upscaling method has a lower influence than spatial variability of permeability. 
Modification of correlation length does not lead to general rule in term of upscaling. For example, 
increase or decrease in correlation length do not seem correlated with an increase or decrease in 
upscaling error (figures 7.b and 8). 
Variations of correlation length do not modify previous conclusions. Differences between coarse 
models with different correlation lengths are proportional differences between fine models with 
different correlation lengths.  
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Fig. 9. Pressure perturbations results after one year of injection, different correlation lengths and different mesh sizes (geometric 
mean method of upscaling). 
2.3. Upscaling results of flow simulations in term of CO2 migration and dissolution 
Migration of the plume will barely vary with changes in mesh size or upscaling methods. Lateral 
extent are identical whatever the upscaling methods, they are only influenced by the change of blocks size 
in biphasic region and differences are still negligible (in the order of one cell size, 7m or one block size 
14 m in this area). These low variations can be explained by the fact that in this area, mesh size is 
identical or only doubled, therefore permeability values are almost not modified and will barely change 
between the different methods. 
On contrary, for an identical mesh size, migrations variations will be more important if correlation 
length is modified or if model is completely homogenized (cf. 2.3). When the correlation length is 
changed, differences between models are maintained with upscaling. 
Results for dissolution rate are sensitive to upscaling methods and mesh size but differences remain 
negligible for this study (<1%). Only differences between homogeneous and heterogeneous models are 
significant. 
3. Influence of spatial variability of permeability 
To evaluate the influence of spatial variability of permeability on CO2 storage prediction, we compare 
statistic properties from 200 heterogeneous models (upscaled via the geometric mean, 15422 blocks) to 
the two homogeneous models and to 200 semi-homogeneous models. Previously, based on one 
realization results, simulations results from homogeneous and semi-homogeneous results are strongly 
deviated from heterogeneous results and homogeneous models results bound the heterogeneous one. Is it 
still the case when comparing results from 200 heterogeneous models?  Could homogeneous models 
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results or semi-homogeneous models results approach minimum, maximum or mean flow behavior of 
hundred realizations of spatial variability? 
Pressure perturbation results indicate that homogeneous models are not representative of mean 
behavior from heterogeneous models because of the important loss in precision (dozens of bar close to the 
well, kilometer to several kilometers for the propagation). Because also of important deviations, they are 
neither representative of maximum or minimum behaviors and on the contrary at what have been 
observed in paragraph 2, they do not bound maximum and minimum behaviors (figure 10).  
 
 
Fig. 10. Maximum, minimum and mean profiles of pressure perturbations results after one year of injection. Fully heterogeneous 
models, semi-homogeneous models and homogeneous models. 
Lateral extent of gas predicted by homogeneous model Kef-G is inferior to mean and maximum extent 
of heterogeneous models. Even if the extent increases with increasing permeability, results from Kef-A 
remain inferior or equal to the mean lateral extent and so inferior to the maximum extent (figure 11). We 
notice also that the most important extent from heterogeneous models are not at the top of the reservoir 
(as for homogeneous models) but at the injection point level (-136.5m). Therefore, CO2 migration appears 
to be strongly dependant of spatial distribution of permeability  
These results underlined the significant influence of heterogeneities on CO2 storage predictions and the 
poor predictive quality of homogeneous models.  
 
 
Fig. 11. Maximum, minimum and mean profiles of gas saturation (Sg=0.01) after one year of injection. Fully heterogeneous models, 
semi-homogeneous models and homogeneous models. 
Pressure results obtained for semi-homogeneous models are closer to heterogeneous models than 
homogeneous ones (figure 10). Differences are still negligible at the well and become visible for a 
distance superior to 7 km. For a pressure perturbation equals to 1MPa, differences are in the order of 
hundreds of meters and heterogeneous results are bounded by semi-homogeneous results. However, these 
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perturbations only reach the limit heterogeneous/homogeneous permeability of semi-homogeneous 
models. In case of larger extent of perturbation, as for 0.5E+5Pa, bias is more important (several 
kilometers) but heterogeneous results are still bounded by semi-homogeneous results.  
Semi-homogeneous models give the same plume distribution and CO2 dissolution rate as for 
heterogeneous models (figure 11). The homogenization, here at more than 8 km from the well, does not 
influence transport phenomena close to the well. The use of semi-homogeneous models can be justified to 
characterize the injectivity, pressure propagations in a limited area, around the well, and CO2 migration 
and dissolution. However, homogenization implies a significant bias on pressure propagations which have 
reached the homogenized area. Heterogeneities greatly constrain these perturbations, even in one phase 
area.  
4. Conclusion 
For the time, spatial scales and methods considered, our results indicate: 
In terms of pressure perturbation: effect of upscaling is mainly due to upscaling methods rather than 
increase in cell sizes. Deviations induced by studied upscaling methods are much lower than dispersion of 
results due to uncertainties related to spatial variability (stochastic dispersion) and correlation lengths of 
heterogeneities in permeability. Neglecting spatial variability can lead to high over- or under-estimation 
of the perturbation extension. Errors will also occur even if the spatial variability is neglected only far 
from well. Complete homogenization of the domain would lead to the lowest quality of predictions 
because this homogenization failed to give approximate results. Uncertainties in spatial distribution of 
permeability lead to large uncertainties in injectivity and capacity predictions. 
In terms of CO2 migration and dissolution: the presence of spatial variability plays the main role rather 
than all other studied factors. 
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